The trends of annual, seasonal and monthly precipitation in southern China (Guangdong Province) for the period 1956-2000 are investigated, based on the data from 186 high-quality gauging stations. Statistical tests, including Mann-Kendall rank test and wavelet analysis, are employed to determine whether the precipitation series exhibit any regular trend and periodicity. The results indicate that the annual precipitation has a slightly decreasing trend in central Guangdong and slight increasing trends in the eastern and western areas of the province. However, all the annual trends are not statistically significant at the 95% confidence level. The average precipitation increases in the dry season in central Guangdong, but decreases in the wet season, meaning that the precipitation becomes more evenly distributed within the year. Furthermore, the analysis of monthly precipitation suggests that the distribution of intra-annual precipitation changes over time. The results of wavelet analysis show prominent precipitation with periods ranging from 10 to 12 years in every sub-region in Guangdong Province. Comparing with the sunspot cycle (11-year), the annual precipitation in every sub-region in Guangdong province correlates with Sunspot Number with a 3-year lag. The findings in this paper will be useful for water resources management.
INTRODUCTION
Climate change is consistently associated with changes in a number of components of the hydrological cycle and hydrological systems such as precipitation patterns and intensity, and extreme weather events. In order to improve our understanding of precipitation and provide advice for water resource management under climate change, many researchers have conducted trend and variability analyses of hydrological time series. New et al. (2001) investigated global precipitation trends and variability of the 20th century based on gridded data sets. Their study revealed secular increasing trends in different domains, for example, 8.9 mm/100 year for the global data set and 41.6 mm/100 year in the mid-latitudes • N) of the Northern Hemisphere, accompanied by an increasing frequency of wet spells. Yue and Hashino (2003) found that, while annual precipitation fell, the monthly precipitation decreased considerably from September to January and in April, along the Pacific Ocean coast of Japan. Near the southern islands of Japan, both annual and monthly precipitation substantially decreased from September to February and in June and July. Gemmer et al. (2004) analysed the monthly precipitation trends of 160 stations in China and found negative trends in spring and autumn in east China and positive trends in summer. Yu et al. (2006) found that annual precipitation has increased in northern Taiwan, decreased in central and southern Taiwan and exhibited no clear tendency in eastern Taiwan. Using the Morlet wavelet transform, Kayano and Sansígolo (2008) investigated the inter-annual to decadal variability of precipitation and daily maximum and daily minimum temperatures in southern Brazil for the period 1913-2006 and revealed a major 6-year peak for the precipitation index due to the significant inter-annual variances noted during the periods 1913-1925, 1945-1975 and 1995-2006. In the aforementioned works, researchers analysed the variability and trends in precipitation in many regions. As more studies are performed on the issue, climate change and variability in precipitation may be better understood.
Precipitation is the main source of water resources in Guangdong Province, which, as a representative of rapidly economically-developing regions in China, faces serious contradiction between water supply and requirement. This study explored precipitation trend using the Mann-Kendall method, and variability by wavelet analysis. Although some studies had been conducted on the spatial and/or temporal characteristics of precipitation trends in the Zhujiang River basin (Gemmer et al. 2010) , the results did not directly coordinate with the regional water resources management in Guangdong Province in practice. Based on the higher quality of data from the higher density stations and the characteristics of the water system in the study area, six sub-regions were determined and the analytical results for precipitation trends and variability for individual sub-regions were used to help to improve our understanding of climate change and its impacts on water resources management.
STUDY AREA AND DATA SET

Study area
Guangdong Province is located in south China and occupies a land area of 177 900 km 2 . The total population is 96.38 million (in 2009). To the south the area meets the warm waters of South China Sea. The area receives an annual average rainfall of 1771 mm, which is unevenly distributed in both space and time. According to its water system characteristics, Guangdong Province may be divided into six subregions: Dongjiang, Beijiang, West Guangdong, Pearl River Delta, Hanjiang and Xijiang (Fig. 1 ). There are two major seasons in Guangdong Province, defined by their rainfall characteristics: the dry season from October to March of the following year, and the wet season from April to September. About 70-85% of the annual precipitation falls in the wet season, and most of this rainfall occurs during storms or typhoons. Thus the characteristics of precipitation lead to frequent floods and droughts. Studies on variability of annual, seasonal and monthly precipitation will be very helpful for water resources use and management in Guangdong Province.
Data set
Monthly rainfall data covering Guangdong Province were provided by the Bureau of Hydrology of Guangdong Province. Of the 423 gauging stations (Table 1) , only 186 passed the homogeneity check and were then used in this study. Because the data for some stations have not been published after 2000, the data set used was from 1956-2000. Figure 1 shows the names of 186 gauging stations and the six sub-regions of Guangdong Province, according to the characteristics of the water system. Missing data that occurred on a single or two consecutive days were mostly in the dry season, and therefore had little influence on the findings of the current study on annual/seasonal/monthly precipitation. We filled in the missing data by linear regression model using neighbouring stations (for example, missing one-day data for a gauging station A, were replaced by the precipitation measured in e.g. stations B,C, D, and so on). The regression relation between A and (B, C, D) can be established through the other daily data. The homogeneity of the precipitation records was analysed by calculating the von Neumann ratio (N), the cumulative deviations (Q/n -0.5 and R/n -0.5 ), and the Bayesian procedures (U and A) (Buishand 1982 (Table A1 ; with the results for the homogeneity test for Jitou Station in Hanjiang subregion shown as an example). The data sets used in the present study passed the homogeneity tests at a significance level of 95%. Note that for water resources management interest is often focused on the water conditions on a regional scale. Areal precipitation can represent the source of regional water resources, particularly in Guangdong Province; therefore, we analysed the areal precipitation in this study. For the regional water resources management, the trends of annual and seasonal precipitation in the six sub-regions were elucidated in this study. The regional precipitation series determining the amount of water resources used areal precipitation (Kritsotakis and Tsanis 2009), which was estimated by using the Thiessen polygon method (Thiessen 1911) .
METHODOLOGY
Trend test
A trend can be identified by using the sequential version of the non-parametric Mann-Kendall rank statistic method (Mitchel et al. 1966 , Sneyers 1975 , Chu et al. 1994 . This test seems to be the most appropriate method for analysing climate changes and has been commonly used in hydro-meteorological time series such as water quality, streamflow and precipitation (Burn and Hag Elnur 2002 , Kahya and Kalayci 2004 , Chen and Xu 2005 . Trends detected after visual inspection of plots of the hydrological time series are investigated by computing Kendall's tau (Capéraà and Van Cutrem 1988) to test whether the time series values (X ) tend to increase or decrease in time.
To perform the test, Kendall's S k is calculated first from all pairs (x i , x j ) of observations of a data series X with length n as follows:
where
The test is based on the statistic τ defined as:
Under the null hypothesis that there is no trend, the statistic τ is normally distributed with zero mean and variance:
The significance test is based upon the formula:
Here, Z converges rapidly to a standard normal distribution as n increases. At a specified level of significance of α, a standard Z α value can be obtained from a table of standard normal distribution, with Z α/2 being the critical value. The value of Z t is greater than the threshold value Z α/2 (Z t > Z α/2 ) in the case of a positive trend, and greater than -Z α/2 in the case of a statistically significant negative trend (Z t < -Z α/2 ).
Wavelet analysis
Wavelet analysis is developed from Fourier transforms. It can investigate detailed temporal patterns from both frequency and time domains through adjusting time and frequency signals (Kang and Lin 2007) . Within the field of Earth Sciences, wavelet analysis has been widely used for the treatment of geophysical seismic signals (Foufoula-Georgiou and Kumar 1995, Walker 1997) . Wavelet transform uses generalized wave functions called wavelets that can be stretched and translated to both time and frequency domains. The wavelet transform (Labat 2005 ) is defined by:
where ω is the scale factor (frequency); τ is time shift; t is time; x(t) is the time series; and ψ * is the complex conjugate of ψ, the wavelet function. To analyse the multi-time scale trends presented in annual and seasonal precipitation, Morlet wavelet transform is used. This is a useful tool to analyse the time series that contain non-stationary power at many different frequencies (Daubechies, 1990) . The Morlet wavelet function is defined as:
where ψ(t) is the wavelet function; i is the imaginary unit of complex number; ω 0 is the non-dimensional frequency (ω 0 = 6); and t is time.
Wavelet spectral power at different scale (ω) and time (τ ) can be calculated by:
The discrete wavelet method (Torrence and Compo 1998 ) is used to simplify convolution calculation procedures with the scaled and normalized wavelet. The wavelet transform W for a given time series X is then calculated by:
where t is the uniform time step. The scale-averaged spectral power-based wavelet analysis reflects the average variance for different time scales (frequency or period). More details of the theory and implementation of wavelet analysis can be found in Torrence and Compo (1998) and Foufoula-Georgiou and Kumar (1995) . With scale-averaged spectral power at different scales and locations, contour-filled graphs may be given in the procedure of annual and seasonal precipitation analysis.
RESULTS AND DISCUSSION
Changes in annual precipitation
Annual precipitation data for the six selected subregions of Guangdong Province were tested using the Mann-Kendall rank statistic method and the results are shown in Table 2 . It is interesting to note that the annual precipitation in Hanjiang and West Guangdong sub-regions show slightly increasing trends, while there are slightly decreasing trends in the remaining sub-regions (in central Guangdong) (Fig. 2) . However, all the trends of annual precipitation were not statistically significant at the 95% confidence level. The Morlet wavelet spectra for precipitation in all sub-regions were calculated and are shown in Fig. 3 , which has contour plots of the signal, with the x-axis representing position along the signal (time), the y-axis representing a periodicity scale and the contour representing the magnitude of the wavelet coefficient at that point. The highest value of wavelet spectral power represents the dominant periodicity. A negative value of the real part of the wavelet coefficients (shown by the dashed lines in the contour plot) means a decreasing trend over time. Over the whole period of analysis of annual precipitation, wavelet analysis showed prominent periodicity, with periods ranging from 10-12 years in every subregion of Guangdong Province (Fig. 3) . We found other visible periodicities through analysing the value of wavelet spectral power for 1956-2000, including 19-22 year periodicity in Hanjiang, 21-24 year periodicity in Dongjiang, 18-24 year periodicity in Beijiang, 18-20 year periodicity in Pearl River Delta and 24-27 year periodicity in West Guangdong. There were increasing trends in the above sub-regions during the last period at these periodic scales (because the values of the real part of the wavelet coefficients were positive). However, in Xijiang, there was only 10-12 years periodicity. 1956 1960 1964 1968 1972 1976 1980 1984 1988 1992 1996 2000 1956 1960 1964 1968 1972 1976 1980 1984 1988 1992 1996 2000 1956 1960 1964 1968 1972 1976 1980 1984 1988 1992 1996 2000 1956 1960 1964 1968 1972 1976 1980 1984 1988 1992 1996 2000 1956 1960 1964 1968 1972 1976 1980 1984 1988 1992 1996 200 1956 1960 1964 1968 1972 1976 1980 1984 1988 1992 1996 The International Sunspot Number for 1956-2000, compiled by the Solar Influences Data Analysis Center in Belgium, has been adapted by NASA (US National Aeronautics and Space Administration, http://solarscience.msfc.nasa.gov/SunspotCycle.shtml). The derived Morlet wavelet spectrum (Fig. 4) shows that there is an 11-year cycle of sunspot period from the wavelet spectral power plot. When the dominant periodicities (11 years) are adopted, the changes of annual precipitation and sunspot number for 1956-2000 can be determined; the results are shown in Table 3 according to their real part figures (Figs 3 and 4) . It can be seen in Table 3 that the changes of annual precipitation in the six sub-regions were the same. At the beginning of 1958, the increasing trends of annual precipitation lasted for 6 years, and then they turned to decrease in the next 5 years. The Sunspot Number decreased from 1961 to 1966, and increased during the next 6 years. Although the dominant periodicities of annual precipitation and Sunspot Number were 11 years, the annual precipitation had a 3-year lag. The relationship between Sunspot Number and annual precipitation has also been shown at Izaña (Tenerife) (Calbet et al. 2001) . The physical links between Sunspot Number and some terrestrial variables that have about a 3-year lag can be found in a few references, such as Tinsley et al. (1989) , Reid (1991) , Svensmark and Friis-Christensen (1997) and Marsh et al. (2005) .
Changes in seasonal precipitation
The total precipitation in the dry and wet seasons was determined for each year in every sub-region. The average dry-season precipitation increased in every sub-region, while in the flood season precipitation decreased in Dongjiang, Beijiang, Pearl River Delta and Xijiang sub-regions (Table 2) .
The Morlet wavelet was also used to analyse the periodicity of dry and wet seasons from the charts of wavelet transform coefficients modulus, and the real part of time-frequency distribution of the precipitation in each sub-region. Figure 5 shows the characteristic periods of precipitation in dry and wet seasons in Dongjiang. It shows prominent correlation of precipitation with period ranging from 18-20 years in the wet season to 9 years in the dry season. The characteristic periods for the other sub-regions are shown in Table 4 . It is interesting to note that the average precipitation in the dry season increased at different time scales and the dominant periodicity in wet season was higher than that in dry season. Increasing precipitation in the dry season would reduce water shortage and be very helpful to water resources management. 
Changes in monthly precipitation
Results of the analysis of trends in monthly precipitation are shown in Table 5 . The study did not determine overall important changes in precipitation distribution within the year. However, in January, March, April and July, the precipitation exhibited increasing trend in every sub-region and, for two of the data sets (April in both Dongjiang and Pearl River Delta sub-regions), the trends were statistically significant at the 95% confidence level. In June, September and November, almost all results point to a decreasing trend. Note that most of the results were not statistically significant at 1956-1958 ↑ 1956-1961 ↑ 1958-1964 (6) ↓ 1961-1966 (5) ↓ 1964-1969 (5) ↑ 1966-1972 (6) ↑ 1969-1975 (6) ↓ 1972-1977 (5) ↓ 1975-1980 (5) ↑ 1977-1983 (6) ↑ 1980-1986 (6) ↓ 1983-1988 (5) ↓ 1986-1991 (5) ↑ 1988-1994 (6) ↑ 1991-1997 (6) ↓ 1994-1999 (5) ↓ 1997-2000 ↑ 1999-2000 the 95% confidence level. Overall, these results suggest that the distribution of precipitation changes over time during the year.
CONCLUSION
Many studies have analysed the variability in precipitation, since climate change has become a major global issue (Yu et al. 2006) . We investigated the trends of precipitation in Guangdong Province, China, and the results on the changes in local water resources may improve our understanding of the impacts of climate change on water resources in the area. The study used 45 years of historical rainfall records obtained from 186 gauging stations, yielding data sets for six sub-regions to elucidate trends at annual and seasonal time scales. The sequential version of the non-parametric Mann-Kendall rank statistic method was used to identify trend and wavelet analysis was used to investigate detailed temporal patterns in the precipitation series in each sub-region. The annual precipitation showed a slightly decreasing trend in central Guangdong and slightly increasing trends in the remaining sub-regions (Hanjiang and West Guangdong) (Fig. 2) . However, all the annual trends were not statistically significant at 95% confidence level. The average precipitation in the dry season increased in every sub-region, while in wet season it decreased in central Guangdong. The analysis of monthly precipitation suggested that the distribution of precipitation within the year changes over time. Guangdong Province (our study area) is part of the Zhujiang River basin, and our results are consistent with other studies in this basin (e.g. Gemmer et al. 2010) . From the results of wavelet analysis, it is interesting to note that there is prominent precipitation periodicity of 10-12 years in every subregion in Guangdong Province, and the annual precipitation in each sub-region of Guangdong Province showed a similar pattern (with a lag of 3 years) with Sunspot Number, which also shows an 11-year cycle of sunspot period (Visser 1959) .
APPENDIX Homogeneity tests
Suppose that one wants to test the homogeneity of a sequence
Von Neumann ratio test The Von Neumann ratio is defined as:
in which Y is the average of the Y i values. If the sample contains a break, then the value of N tends to be lower than the expected value (Buishand 1981) . Table  A1 gives critical values for N.
Cumulative deviations (Buishand 1982) Tests for homogeneity can be based on the adjusted partial sums or cumulative deviation from the mean:
Rescaled adjusted partial sums are obtained by dividing the S * k values by the sample standard deviation:
with
Then a statistic which is sensitive to departures from homogeneity is:
Another statistic which can be used for testing homogeneity is the range:
High values of Q and R are an indication of a change in level. The critical values for the test-statistic can be found in Table A1 .
Bayesian procedures Bayesian procedures for the detection of changes in the mean have been developed by Chernoff and Zacks (1964) and Gardner (1969) . When the standard deviation is not known, σ Y can be replaced by the sample standard deviation. For p k independent of k (uniform prior distribution) one obtains:
where p k denotes the prior probability that the shift occurs just after the kth observation (k = 1, . . . , n -1). Large values of these test statistics (U and A) are an indication for departures from homogeneity. Critical values for U and A are given in Table A1 . 
